ABSTRACT
tracing (laborious and prone to interrater variability) or a region-of-interest approach (requiring a priori hypotheses about the loci of pathology).
We used a multitechnique imaging and analysis strategy for the purpose of evaluating MRI measures as potential biomarkers. We used state-of-the-art tools for analysis of whole-brain MRI data in standard space. All approaches were fully automated, which is important as biomarkers should ideally be observer-independent, longitudinally replicable, cost-effective, and allow for easy multicenter deployment.
We acquired T1-weighted and diffusionweighted MRI scans in individuals who were positive for the HD gene expansion yet did not fulfill clinical diagnostic criteria and agematched and sex-matched controls. For the T1-weighted scans, gross whole-brain segmentation and voxel-based morphometry were performed. For diffusion-weighted scans, skeleton-based tractography was carried out.
Given prior reports, 1,5-17 we expected to find striatal GM loss in pre-HD. However, in this study we were specifically interested in examining if there would be regionally specific cortical GM volume loss as well as WM deterioration that correspond with the well-known pattern of basal ganglia-thalamocortical connections. 20 As our whole-brain voxel-based analyses enabled an unbiased search for areas of neuropathologic change, we aimed to create empirically derived regions of interest that may be used in future studies. To examine biomarker potential, we correlated the imaging measures with an estimate of the number of years to clinical (motor) disease onset (EYO). 21 A strong correlation would suggest sensitivity to neuropathologic change, while the absence of a correlation points to high interindividual variability unrelated to the disease process and/or relatively unreliable measurements.
METHODS Standard protocol approvals, registrations, and patient consents. The study was approved by the Institutional Review Board of the University of California at San Diego (UCSD). All participants provided written consent prior to enrollment in the study.
Participants.
We studied 39 individuals who were positive for the HD gene expansion yet did not fulfill clinical diagnostic criteria for HD (pre-HD) and 25 healthy age-matched and sexmatched controls. Participants were recruited from the UCSD HD Center of Excellence and studied at UCSD facilities over the second half of 2008. Participants were defined as gene expansion positive when they had 36 or more CAG repeats. The control group consisted of spouses and friends of pre-HD individuals. Of the pre-HD individuals, 11 were receiving pharmacologic treatment for depression, anxiety, and/or insomnia.
MRI acquisition and preprocessing. Imaging was performed on a General Electric (Milwaukee, WI) 1.5 T EXCITE HD scanner with an 8-channel phased-array head coil. Highresolution structural data were acquired using a T1-weighted sequence (echo time [ 22 Image intensities were corrected for spatial sensitivity inhomogeneities in the head coil by normalizing with the ratio of a body-coil scan to a head-coil scan.
Diffusion-weighted data were acquired using single-shot echoplanar imaging with isotropic 2.5-mm voxels (TE ϭ 80.4 msec, TR ϭ 13,200 msec, matrix ϭ 96 ϫ 96, FOV ϭ 24 cm, 47 axial slices, slice thickness ϭ 2.5 mm, 51 directions, b ϭ 1,000 mm 2 /s). Preprocessing of diffusion-weighted data were performed according to previously described procedures. 23 All postprocessing imaging analysis was performed using the FSL suite of tools (http://www.fmrib.ox.ac.uk/fsl/).
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Gross whole-brain segmentation. Total brain, GM, WM, cortical (peripheral) GM, and ventricular CSF (vCSF) volume, normalized for subject head size, were estimated by analyzing preprocessed T1-weighted MRI data with SIENAX. 25, 26 SIENAX starts by extracting brain and skull images from the single whole-head input data. The brain image is then affineregistered to Montreal Neurological Institute-152 space, using the skull image to determine the registration scaling. Next, tissue-type segmentation with partial volume estimation is carried out in order to calculate total volume of brain tissue (including estimates of volumes of GM, WM, cortical GM, and vCSF).
Voxel-based GM analysis. Local changes in GM volume
were estimated by analyzing preprocessed T1-weighted MRI data with a VBM-style analysis. 27 First, structural images were brain-extracted. Next, tissue-type segmentation was carried out. The resulting GM partial volume images were then aligned to Montreal Neurological Institute-152 space using affine registration, followed by nonlinear registration. From the resulting images, those of all 25 controls as well as of 25 age-matched and sex-matched pre-HD individuals were averaged to create a studyspecific template (an equal number of participants from each group was used to avoid registration bias). All 63 of the native GM images were nonlinearly reregistered to this study-specific template. The registered partial volume images were then modulated by dividing by the Jacobian of the warp field and smoothed with an isotropic Gaussian kernel with a sigma of 3 mm. The resulting data were fed into voxel-wise cross-subject statistics.
Voxel-based WM analysis. Eddy-current and movement correction of preprocessed diffusion-weighted MR data were performed using in-house software. Voxel-wise analysis of the diffusion data was carried out using TBSS. 28 First, fractional anisotropy (FA), mean diffusivity, longitudinal diffusivity (ʈ), and transverse diffusivity (Ќ) images were created by fitting a tensor model to the raw diffusion data. Brain extraction was then run. All subjects' diffusion data were then aligned into a common space using nonlinear registration. Next, the mean FA image was created and thinned to create a mean FA skeleton that represents the centers of all tracts common to the whole group. Each subject's aligned FA, mean diffusivity, ʈ, and Ќ data were then projected onto this skeleton and the resulting data were fed into voxel-wise cross-subject statistics.
Statistical analysis.
Between-group differences in sex distribution were analyzed with 2 tests; differences in age and SIENAX volumes were analyzed with t tests. Voxel-wise cross-subject statistics were carried out using t tests and permutation-based nonparametric inference, 29 utilizing threshold-free cluster enhancement. 30 For analyses of GM distribution, the overall mean GM segmented image was used as a mask. For all analyses of WM tract integrity (FA, mean diffusivity, ʈ, and Ќ), the overall mean FA skeleton was used as a mask (thresholded at a mean FA value of 0.2). The number of permutations was set to 50,000 in all voxel-wise analyses.
The statistical analyses were carried out at a significance level of 5% (2-tailed) using either PASW Statistics 17.0.2 (SPSS Inc., Chicago, IL) or FSL's randomize tool, version 4.1.3. 24 Clusters found in voxel-based analyses were localized using standard brain atlases.
RESULTS Participant characteristics and confounders. All pre-HD individuals scored below two on the Unified Huntington's Disease Rating Scale 31 confidence rating, confirming their preclinical status. One individual had 38 repeats and two had 39 repeats (reduced penetrance). There were no significant differences in sex distribution or age between groups. The pre-HD group had higher Unified Huntington's Disease Rating Scale motor scores (t[62] ϭ 4.44, p Ͻ 0.001) compared to controls. One participant was excluded from the SIENAX and FSL-VBM analyses and two from the TBSS analysis due to technical problems with image acquisition or image quality. Participant characteristics are listed in table 1.
Gross whole-brain segmentation. SIENAX analysis showed significantly lower normalized total brain, GM, WM, and cortical GM, and a trend toward higher vCSF volume, in pre-HD relative to controls (table 2) .
Correlation analyses showed a significant positive relation between EYO and volumes of overall brain, GM, WM, and cortical GM volumes in pre-HD individuals ( figure 1, A-D) .
Voxel-based GM analysis. VBM-style comparison of GM distribution revealed significant local GM volume loss in pre-HD (figure 2A). The most conspicuous subcortical clusters were localized bilaterally in the caudate and putamen. Within the cortex, volume loss was found in the subcallosal cortex and bilaterally in the insular cortex, Heschl's gyrus, precentral and postcentral gyrus, middle and inferior frontal gyrus, and supplementary motor area.
Voxel-level correlations with EYO showed that volume loss was most severe in those pre-HD individuals who were closest to estimated onset ( figure  2B ). This included regions in which between-group differences had previously been found, but additionally involved the frontal pole, frontal orbital cortex, superior frontal gyrus, central opercular cortex, inferior and superior temporal gyrus, temporal pole, and cerebellum. No correlations were found between volume loss and number of CAG repeats.
Skeleton-based WM analysis. TBSS mapping of FA differences demonstrated significantly reduced FA in many parts of the WM skeleton in pre-HD relative to controls (figure 3A). The most conspicuous changes were localized in the corpus callosum (from the splenium to the genu), and bilaterally in the thalamic radiations, cingulum, longitudinal fasciculi, corona radiata, internal capsule, and cerebral peduncles. Even at much higher significance thresholds, there were substantial differences all over the skeleton. Adding total normalized WM volume as a nuisance variable did not change the results. TBSS mapping of differences in diffusion coefficients demonstrated increased ʈ in the thalamic radiations, internal capsule, and external capsule (figure 3B) and increased Ќ (3C) as well as mean diffusivity (not depicted) in all parts of the WM skeleton in pre-HD relative to controls.
Voxel-level correlations of EYO with FA showed that FA was lowest in those pre-HD individuals who were closest to estimated onset ( figure 3D ). Significant correlations with FA were found in all regions in which between-group differences had previously been found, but were more widespread and additionally involved the external capsule. No correlations were found between FA and number of CAG repeats. Voxel-level correlations of EYO with ʈ and Ќ showed that pre-HD individuals with the highest Ќ were those who were closest to estimated onset (not depicted), while no correlations were found with ʈ (not depicted). Significant correlations with Ќ were found in all regions in which betweengroup differences were found. DISCUSSION We performed a fully automated whole-brain analysis of GM and WM changes in pre-HD individuals vs controls using state-of-the-art analysis tools. Gross whole-brain segmentation analysis confirmed loss of GM (whole brain as well as cortical) and WM volume in pre-HD. Voxel-based analysis showed that GM loss was largely confined to the striatum and frontal cortical regions known to be connected with the striatum. In contrast, there was a very widespread loss of WM integrity, most likely as a result of deterioration of axonal barriers in pre-HD. Both GM loss and WM deterioration were more severe in subjects closer to estimated onset. Taken together, these findings provide important information about the staging and relative specificity of neuropathology in pre-HD. Gross whole-brain segmentation analysis showed significant decreases of GM volume, both overall and at the cortical level, and WM volume in pre-HD relative to controls. The advantage of using a fully automated, gross segmentation technique is that it yields a few easily interpretable values. For use as a biomarker, this technique may seem less appealing, as better sensitivity may arise by focusing on specific regions of known pathologic change. However, all segmentation techniques are characterized by a tradeoff between regional specificity and signal-to-noise ratio. When tracking longitudinal change, the latter may prove more important than high spatial resolution. Brain volume accuracy of SIENA(X) in crosssectional analyses has been reported to be between 0.5% and 1%, 26 while longitudinal analyses have estimated the error in brain volume change to be as low as 0.15% 26 and shown higher sensitivity in the detection of subtle differences in atrophy rates when compared to semi-automated methods. 32 In conclusion, although topographic information is lost, the use of gross whole-brain measures to monitor longitudinal change may prove more reliable than methods that retain a high spatial resolution.
The topography of GM changes we observed in pre-HD individuals was striking in that it was fairly specific to regions which are part of the basal ganglia-thalamocortical loops. 20 We observed volume loss in the supplementary motor area, primary motor cortex, and putamen, which together with the pallidum and thalamus make up the motor fronto-basalganglia-pallidal-thalamic loop. There were also significant changes in the middle frontal gyrus and caudate, consistent with the so-called associative fronto-basal-ganglia-pallidal-thalamic loop.
Although VBM was initially controversial, 33, 34 it has since become an established method for evaluating GM. VBM's strength is that it does not require a priori information about the loci of possible differences (in contrast to region-of-interest approaches). However, its validity strongly depends on accurate image registration and there is loss of spatial resolution due to spatial smoothing. This could lead to inability to detect potentially interesting morphologic abnormalities. Also, we cannot definitively exclude the possibility that observed cortical differences are due to dissimilar gyrification patterns between groups rather than reduced cortical thickness. Nevertheless, our use of nonlinear registration techniques, moderate spatial smoothing, the large participant sample, and the observed regionally specific pattern of GM loss increase confidence that observed differences reflect veridical atrophy. Moreover, observed changes are highly consistent with our results in the same sample when using FreeSurfer's subject-specific subcortical segmentation 35 and cortical thickness mapping (unpublished observations). In conclusion, VBM could be a useful biomarker that is unbiased, reproducible, and sensitive to neuropathology in the preclinical disease state. Using the recent innovation of TBSS, we observed widespread decreases in WM integrity in pre-HD. This technique overcomes many of the difficulties of aligning multisubject diffusion data, allowing for an objective whole-brain voxel-wise analysis of regional WM changes. Our findings clearly suggest that changes in WM microstructure are an early and widespread phenomenon in the pre-HD brain. A disadvantage of using the skeleton-based approach is that smaller tracts are often not included in the skeleton due to alignment issues. Future analyses using probabilistic tractography will be needed to closely investigate individual tracts projecting from atrophied basal ganglia nuclei in pre-HD.
We know of 5 imaging studies that have investigated diffusion in pre-HD. The first study to demonstrate altered diffusion in pre-HD used region-of-interestbased techniques; gene carriers showed increased mean diffusion in the striatum, periventricular WM, and whole brain. 18 A voxel-based analysis showed decreased FA in superior frontal, middle frontal, postcentral, and precentral WM in pre-HD. 15 Using several manually placed regions of interest, decreased FA in the corticospinal tracts and corpus callosum was recently demonstrated in pre-HD. 16 A study using machine learning was able to classify a high proportion of diffusionweighted scans as pre-HD vs controls. 11 A very recent study of small sample size employing the TBSS technique was the first to suggest longitudinal WM degeneration in HD. 19 While GM change in pre-HD was fairly specific to regions consistent with basal ganglia-thalamocortical pathways, WM deterioration was much more general. In correspondence with the GM abnormalities found bilaterally in cortical motor areas, TBSS analysis of FA showed reduced anisotropy in the major motor output pathway, the corticospinal tract, in pre-HD individuals. However, there were changes in many other parts of the WM skeleton, corresponding to a diverse range of tracts, including, for example, the superior and inferior longitudinal fasciculus, which do not relate strongly to the loci of GM change. This suggests that loss of WM tract integrity is not merely a consequence of GM atrophy.
To further probe WM in pre-HD, we examined Ќ, which reflects the integrity of nonrandom longitudinal barriers to diffusion (i.e., the myelin sheath), and ʈ, which is hypothesized to relate to axonal genesis/injury/degeneration. [36] [37] [38] We found modest, highly localized increases in ʈ, while Ќ showed widespread increases in pre-HD. These findings suggest that loss of WM integrity is not due to axonal degeneration, but relates to demyelination, which further supports the notion that WM degeneration is not merely a consequence of GM loss. Moreover, demyelination is consistent with neuropathologic findings in pre-HD, which show increased density of oligodendrocytes (which are responsible for axonal myelination production/repair), which was suggested to be a developmental effect of the HD gene expansion. 39 Provocatively, demyelination might therefore predate GM loss. Additionally, a recent imaging study specifically pointed to myelin breakdown in HD. 40 By contrast the increases in longitudinal diffusivity are puzzling: they could indicate increases in axonal thickness related to a compensatory increase in the number of fibers in pre-HD. Future studies will be required to confirm our findings and shed more light on the pathophysiologic basis of WM changes in pre-HD.
In pre-HD individuals, we found strong correlations between EYO and multiple imaging measures used in the current study, both at the gross segmented and voxel-based level, which suggests that these measures are very sensitive to neuropathologic change. In contrast, no correlations with CAG repeat length were observed. This is likely due to the large age variance in our pre-HD sample; CAG length in itself is a predictor of age at onset, not years to onset and (progression of) disease pathology.
Although one cannot easily compare the results from our voxel-based analyses of GM and WM with those obtained using gross whole-brain segmentation, our results clearly suggest that all 3 techniques may provide surrogate markers of disease progression before clinical onset. Analyses using multivariate pattern classification techniques are needed to show whether a combination of imaging techniques is indeed superior to an approach aimed at a single region of interest or neuropathologic substrate, and whether adding patterns of voxel-level information improves sensitivity to the disease process. To facilitate biomarker development, standard space masks of the between-group differences in voxel-based analyses of GM and WM have been provided (www.aronlab. org/hdmasks110109.zip). These may be used to validate our results in different samples and to serve as regions of interest to improve sensitivity in future longitudinal neuroprotective trials.
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